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ABSTRACT

The nature and origin of lateral composition modulations in (AlAs), (InAs), short-period
strained-layer superlattices grown by molecular beam epitaxy on InP substrates have been
investigated by x-ray diffraction, atomic force microscopy, and transmission electron
microscopy. Strong modulations were observed for growth temperatures between = 540 and 560°
C. The maximum strength of modulations was found for SPS samples with InAs mole fraction x
(= n/(n+m)) close to = 0.50 and when n = m = 2. The modulations were suppressed at both high
and low values of x. For x > 0.52 (global compression), the modulations were along the <100>
directions in the (001) growth plane. For x < 0.52 (global tension), the modulations were along
the two <310> directions rotated = +27° from [110] in the growth plane. The remarkably
constant wavelength of the modulations, between = 20-30 nm, and the different modulation
directions observed, suggest that the origin of the modulations is due to surface roughening
associated with the high misfit between the individual SPS layers and the InP substrate. Highly
uniform unidirectional modulations have been grown by control of the InAs mole fraction and
growth on suitably offcut substrates, which show great promise for application in device
structures.

INTRODUCTION

Lateral superlattices and quantum wire arrays are of interest for application in a variety of
novel device structures with potentially improved performance, such as quantum wire lasers,
lateral-superlattice solar cells and polarized light emitters and detectors. One of the most
promising ways of realizing these structures is through strain-related self-organization
phenomena, e.g., morphological and compositional instabilities during the growth of strained-
layer superlattices (SLSs). These instabilities can lead to the formation of lateral modulations in
SLSs in several different ways, as shown in Fig. 1. The instability could take the form of purely
an antiphase modulation in the thickness of binary compound SLS layers (Fig. 1(a)) leading to
apparent lateral compositional modulations. Alternatively, if the SLS layers are alloy layers, for
example, due to vertical intermixing of binary layers, the instability could be purely
compositional in nature (Fig. 1(b)) resulting in lateral compositional modulations. Another
possibility is that lateral compositional modulation in alloy SLS layers could occur coupled to a
morphological instability, e.g., antiphase variation in layer thickness, as shown in Fig. 1(c). An
early report of instabilities occurring during the growth of SLSs was by Blakeslee et al. [1], who
observed morphological and possibly compositional instabilities during the metal-organic vapor
phase epitaxy (MOVPE) growth of GaAsP, /GaAs SLSs on GaAs. Cheng et al. [2, 3]
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Fig. 1. Diagram illustrating different types of lateral modulations in SLS of compound
semiconductors AC/BC.

(a) Antiphase thickness modulation of pure AC and BC layers or A-rich and B-rich layers.

(b) Purely modulation in composition of A-rich and B-rich layers after vertical intermixing.
(c) Coupled modulations in both thickness and composition of A-rich and B-rich layers.

discovered the spontaneous formation of lateral quantum wells and superlattices during the
molecular beam epitaxy (MBE) growth of strain-balanced vertical short-period strained-layer
superlattices (SPSs) of (GaP),,(InP), on GaAs and (GaAs),,(InAs), SPSs on InP substrates, where
m and n are the number of monolayers (MLs) of the different binary III-V semiconductors in a
SPS period. Subsequently, Cheng et al. used this in-situ spontaneous lateral superlattice
formation process to form the active regions of quantum wire semiconductor lasers [4, 5]. Kim et
al. [6] used this process to form self-organized dot and columnar structures in (GaP),,(InP), SPSs
grown on (N11) GaAs substrates. Ponchet et al. [7, 8] reported the formation of thickness
modulations in strain-balanced GalnAsP/GalnAsP SLSs grown by gas-source MBE and
GalnP/InAsP SLSs grown by MOVPE. These morphological instabilities resulted in an antiphase
modulation in thickness of the SLS layers (Fig. 1(a)) that in some cases could have been
associated with a coupled compositional modulation. The occurrence of this instability led to
degraded performance of devices fabricated from such structures. Mirecki-Millunchick et al. [9,
10] reported the spontaneous formation of lateral modulations in strain-balanced MBE
(AlAs),,(InAs), SPSs on InP similar to those previously reported by Cheng et al. [2, 3] in MBE
(GaP),,(InP), and (GaAs),,(InAs), SPSs.

In this work, we report recent results that extend the understanding of the nature and origin
of spontaneous lateral composition modulations in (AlAs),(InAs), SPSs. We also show that
regular unidirectional lateral-superlattice structures may be achieved by control of the InAs mole
fraction and growth on offcut substrates.

EXPERIMENTAL DETAILS

The samples examined in this work typically consisted of 100 period (AlAs),(InAs), SPSs
grown by MBE on top of 100 nm thick lattice-matched InAlAs buffer layers on (001) InP
substrates. The SPS period (m+n) was kept between typically = 2.6 and 4 MLs. Growth
temperatures between 540° and 560°C (as measured by an optical absorption technique [11]) and
growth rates of = 0.35 MLs per second were normally used. Reflection high-energy electron
diffraction (RHEED) intensity oscillations were used to calibrate the growth rates. The lateral
modulation in the SPS samples was investigated using x-ray diffraction reciprocal-space
mapping, atomic force microscopy (AFM) (Park Scientific Instruments Autoprobe LS, in air)
and transmission electron microscopy (TEM) and diffraction (TED) (Philips CM 30). TEM



samples were prepared by conventional mechanical pre-thinning and dimpling techniques
followed by Ar* ion milling with the sample cooled to liquid N, temperatures. The chemically
sensitive {200} reflection was used to reveal the nature of the lateral modulations present in the
sample [11-14].

RESULTS AND DISCUSSION

Effect of Growth Parameters on Modulation Strength and Wavelength

The lateral modulations were found to be kinetically suppressed for growth temperatures
below 520°C. The modulations became less regular at temperatures above = 565°C probably due
to effects of In desorption. The optimum growth temperature range was found to be between =
540° and 560°C. The strength of the modulations was found to increase with a decrease in
growth rate, indicating again that kinetics plays an important role in the formation of the
modulations [11, 12, 14]. At lower growth rates, a reduced vertical alignment of the modulations
was also observed. The strength of the modulation was reduced as the period of the SPS was
reduced from 4 ML down to 1ML [11, 12, 14]. For all these experiments, the wavelength of the
modulations remained remarkably constant between = 20 and 35 nm. Further details of these
experiments are given in the paper by Follstaedt et al. [11].

Effect of Change in InAs Mole Fraction on the Lateral Modulations

A series of samples were grown to investigate the effect of change in InAs mole fraction x,
(= n/(n+m)), on the nature and strength of the lateral modulations. X-ray reciprocal-space maps
of (AlAs),,(InAs), SPS samples containing lateral modulations taken around the (002) and (224)
peaks revealed lateral satellites associated with the modulations [14]. Reciprocal-space maps
were taken projecting along the orthogonal [110] and [110] directions. For low InAs mole
fraction SPS, between x = 0.43 and 0.50, these maps revealed lateral satellites of different
spacing along the [110] and [110] directions [10]. These results indicated that the lateral
modulation in these samples is not one-dimensional along [110] as suggested for (GaP),,(InP),
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mole fraction (x) for the set of samples mainly studied in this work. The maximum strength of
modulations occurred at an InAs mole fraction of x = 0.5 for which n = m. This is also close to x
= (.52, where the global strain between the SPS and the InP substrate is zero. For x > 0.52, the
SPS is under global compression, and for x < 0.52, the SPS is under global tension. At both high
and low InAs mole fractions (n >> m, and n << m), and thus high values of global in-plane strain
(> 0.7%), the x-ray diffraction (XRD) measurements show that the lateral modulations are
suppressed. This behavior is reminiscent of a miscibility gap in alloys. The wavelength of the
modulations as measured by XRD remained remarkably constant, between = 20-30 nm, with
change in x.

TEM plan-view and cross-section studies and AFM studies were performed to study the
effect of changing the InAs mole fraction (x) of the SPSs on the nature of the lateral modulations
and planarity of the growth surface. For low values of x, < 0.43, corresponding to high tensile
global strains, no lateral modulations were observed and a very uniform vertical SPS was
obtained [12, 13]. The growth surfaces were observed to be very planar by AFM, with a root
mean square (RMS) roughness = 0.4 nm. For 0.43 < x < 0.50, lateral modulations were observed
to be present simultaneously along close to the [130] and [310] directions [15], rotated at = + 27°
to [110] in the (001) growth plane, as shown in the plan-view TEM picture (sample EA0122) of
Fig. 3 (a). This sample had x = 0.466 corresponding to a global strain with respect to the
substrate of +0.37% tension. In this (200) dark-field (DF) micrograph, In-rich regions appear
bright and Al-rich regions appear gray, with a null in intensity in between caused by the (200)
reflection scattering factor passing through zero at an In mole fraction of x = 0.52 [11-13]. Small
domains of modulations along the two different <310> directions are visible forming arrays of
short stripes perpendicular to the modulation directions. In areas where the two <310>
modulations superpose, e.g., circled region, a rhombohedral array of In-rich and Al-rich vertical
columns is formed along the [001] growth direction. Inset is the fast Fourier transform (FFT) of
the image, which contains two pairs of lobes of intensity rotated + 55° from [110], that clearly
shows the periodic nature of the modulations and their alignment along directions close to [310]
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Fig. 3. (a) 200 DF plan-view TEM of SPS with x = 0.466 (+0.37% global tension), showing
lateral modulations along close to [130] and [310] and (b) AFM image of growth surface
showing an identical pattern of grooves on the growth surface.



and [130]. The wavelength of the modulations was measured to be A = 23-28 nm. The existence
of modulations along <310> directions is very surprising because these are not the elastically
soft directions (<100> normally for these materials) nor the direction of bonding at the (001)
surface (<110> for these materials) and to our knowledge has not been reported before for other
systems. AFM studies of the growth surface [15] (Fig. 3(b)) revealed a network of surface
grooves or cusps, aligned along <310> directions, which formed an identical pattern to the lateral
modulations revealed in the TEM plan-view images. The RMS roughness was measured to be
=~1-2 nm. TEM cross-section studies combined with scanning transmission electron microscope
(STEM) energy-dispersive x-ray microanalysis (EDX) [13] directly revealed a cusping of the
growth surface to be associated with narrow In-rich regions in the modulated samples that were
separated by wider Al-rich regions. This suggests that the grooves observed in the AFM images
of the growth surface of these samples (Fig. 3(b)) correspond to In-rich regions in the modulated
samples. For such modulated low x-value samples, the STEM EDX analysis revealed the
composition to vary from x = 0.76 in the In-rich regions to x = 0.38 in the Al-rich regions [13].
For samples with high InAs mole fractions, x > 0.63, XRD indicated little or no lateral
modulation occurring. AFM studies of such samples revealed the growth surfaces to be very
rough and irregular, with a RMS roughness = 6 nm. The difference in roughness between the
high-tensile and compressive global strain samples is very similar to that reported by Xie et al.
[16] for SiGe layers grown under tensile and compressive strain. This was associated by them
with a lowering of surface atomic step energy predicted to occur for surfaces under compression
in comparison to surfaces under tension promoting enhanced roughening of compressively
strained surfaces. TEM studies of x > 0.63 samples revealed weak composition modulations to
be present, but to be irregular in both direction and wavelength. For the case of InAs mole
fractions between x = 0.52 and x = 0.63, lateral composition modulations were found to be
present along close to the elastically soft [100] and [010] directions [15], with A = 27-30 nm, as
shown in Fig. 4(a). In this sample (EA0150) x = 0.571, corresponding to a global strain of = -
0.34% compression, the modulations superpose to give an almost square array of In-rich and Al-
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Fig. 4. (a) 200 DF plan-view TEM of SPS with x = 0.571 (global strain = -0.34%
compression), showing lateral modulations along close to the elastically soft <100> directions
and (b) AFM image of growth surface showing <100> surface rippling.




[100] x-section
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Fig. 5. (a) [110] cross-section 002 DF TEM image of lateral modulations in SPS of Fig. 3
with x = 0.466 (global tension) and (b) [100] cross section of lateral modulations in Fig. 4

with x = 0.571 (global compression).

rich vertical columns, e.g., circled area, along the [001] growth direction. This modulation
pattern is very similar to that observed for lateral ordering of vertically stacked InAs quantum-
dot arrays grown on (001) GaAs, e.g., Solomon [17], Shchukin and Bimberg [18]. The inset FFT
contains two pairs of lobes at an angle of = 83° corresponding to the lateral modulations present
along close to the <100> directions. AFM revealed the lateral modulations are coupled to a
surface rippling along close to the <100> directions [14] (Fig. 4(b)) with a RMS roughness of =

1-2 nm.

Fig. 6. 200 DF plan-view TEM of SPS with x
= 0.518 (+0.016% global tension), showing
strong lateral modulations, but with not well
defined modulation direction or pattern.

Fig. 5(a) and (b) shows [110] and [100]
cross sections of the samples of Figs. 3 and 4,
respectively. Vertical columns of In-rich and
Al-rich material are visible in both samples.
The contrast observed for the compressive
sample of Fig. 5(b), however, suggests it
contains a more sinusoidal-like composition
modulation along the <100> directions.
Although in some samples, such as Fig. 5(a),
strong modulation seems to occur almost
immediately after the start of growth of the
SPS, in general, the modulation starts weak
and is amplified during further growth of the
SPS, as visible in Fig. 5(b). Fig. 6 shows a 200
DF plan-view TEM micrograph of a sample
(EA0147) grown with very close to zero
global strain and x = 0.518, i.e., at the
maximum of the plot of XRD lateral satellite
intensity versus x of Fig. 2. Strong lateral
modulations are present in this sample, but
with a less clearly defined directionality in
comparison to the tensile and compressive
global strain samples of Fig. 3 and 4. This is



seen in the inset FFT, where the intensity from the modulations is much more spread out in angle
around the central peak. AFM of this sample again revealed a surface morphology that closely
mirrored the pattern of composition modulations.

We have also examined MBE (GaAs),(InAs), SPS grown under global tension and
compression on (001) InP substrates. In these samples, lateral modulations were observed along
close to the <310> and <210> directions, + 20-27° from [110], in the tensile samples, and + =
33° from [110], along close to <510> directions, in the compression sample.

Evolution of the Modulations

In order to understand how the lateral modulations form, we have investigated the evolution
of the modulations from the start of growth of the SPS on the lattice-matched InAlAs buffer
layer that acts a template for further growth. The InAlAs buffer layer is not necessarily
homogenous because several forms of compositional modulation have been observed in MBE
InAlAs epitaxial layers [19-21]. In our InAlAs buffer layers, a very weak lateral composition
modulation was observed, in plan-view TEM studies, along [110] with a wavelength of = 9 nm
similar to that reported previously [20, 21] in MBE InAlAs layers grown at lower temperatures.
The elastic stresses associated with this compositional modulation could influence the nucleation
of the first InAs layer of the SPS [18]. In Fig. 7 (a) and (b) are shown AFM and TEM plan-view
micrographs of a 1.9 ML InAs layer deposited on a lattice-matched InAlAs buffer layer. Because
of surface segregation of In that occurs during growth of the InAlAs buffer layer, the thickness
of this first InAs layer is larger than expected [13]. It can be clearly seen that the InAs layer is
not flat, but contains islands consisting of quantum "wires" elongated along [110] and quantum
dot-like features. The "wires" are = 0.5 nm high, = 50-100 nm long, = 4-9 nm wide, and their
size and shape may have been influenced by the compositional modulation present in the
underlying InAlAs buffer layer described above. The dots are = 1-1.5 nm high. The "wires" tend
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Fig. 7. (a) AFM image of sample consisting of 1.9 ML of InAs, i.e., 0.5 periods of SPS, on

lattice-matched InAlAs buffer layer showing InAs "wires" elongated along [110] and
quantum dot-like features. (b) TEM plan-view bright field image of similar sample, using

mass/thickness contrast, showing dark contrast InAs "wires" elongated along [110] .



to group together and show some lateral ordering along the elastically soft <100> directions.
Similar InAs wires have been reported by several workers for MBE growth on (001) InP
substrates with either InGaAs or InAlAs buffer layers [22, 23]. These wires and dots in the initial
InAs layer of the SPS may play an important role in the initiation of the lateral composition
modulations. They are arranged in a pattern with periods of = 18-22 nm along [110] and =
60-100 nm along <100>. The period along [110] is close to that observed for the lateral
modulations. The <100> lateral ordering, although longer in period, is along the same directions
as the lateral modulations in the compressive samples. Therefore, these initial layer island
features may act as the precursor to the modulation. However, the initial InAs layer is often
identical in thickness in our low and high InAs mole fraction samples, and so something else
must happen during further growth of the SPSs to give the different patterns of lateral
modulations observed for these samples. Cullis et al. [24] observed a similar evolution from

[110] elongated initial growth islands to <100> aligned intersecting surface ripples during the
growth of compressive-strained InGaAs layers on (001) GaAs. Although InAs islands in the
initial layer of the SPS may play a role in nucleating the modulations, they are not the only
parameter that determines the presence of the modulations. We have grown SPSs at both low (<
0.43) and high (> 0.63) InAs mole fractions with n = 1.9 ML that do not contain lateral
modulations [11], despite InAs quantum wires and dots probably being present in the initial InAs
layer of the SPS. This highlights the important influence of InAs mole fraction or global in-plane
strain on the occurrence of the modulations.

To investigate the evolution of the different patterns of modulations, from the initial InAs
layer grown, in SPSs with x > 0.52 and x < 0.52, we grew a series of samples, of both high and
low x, stopping the growth after 1.5, 2.5, 5.5, 10.5, and 20.5 periods of the SPS. In Fig. 8 (a) and
(b) are shown 200 DF TEM plan-view pictures of low and high InAs mole fraction samples
respectively after growth of 20.5 periods. For the low x sample, global tension, even after 20.5
periods of the SPS, the lateral modulations have not fully developed along the <310> directions.
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Fig. 8. 200 DF plan-view TEM pictures. (a) 20.5 period SPS with x < 0.5 showing InAs-rich

wire-like features elongated along [110]. FFT suggests <310> modulation may just be
starting. (b) 20.5 period SPS with x > 0.5 showing only weak InAs wire-like features

elongated along [110]. FFT suggests that <100> modulation may have started to occur.



Instead, wire-like InAs-rich features elongated along [110] are visible, similar in scale to those
observed in Fig. 7, and the inset FFT suggests that modulation is starting to occur along <310>.

AFM of this sample revealed wire-like features elongated along [110], similar to, but less
pronounced, than those shown in Fig. 7 (a). For the high x sample shown in Fig. 8 (b), global
compression, lateral modulations were again not fully developed after 20.5 periods of the SPS. In

this sample, only very weak wire-like features elongated along [110] were observed in the TEM.
The inset FFT revealed very broad and diffuse lobes of intensity aligned approximately along the
<100> directions, suggesting lateral modulation starting to occur along close to the <100>
directions. AFM of this sample was very similar to that of the low InAs mole fraction sample
described above.

Origin of the Modulations

There are many possible origins of lateral modulations during the epitaxial growth of III-V
semiconductor alloys and strained-layer superlattices. During the growth of alloys, composition
modulations may develop for thermodynamic reasons, for example, due to phase separation by
spinodal decomposition associated with the presence of a miscibility gap, e.g., [25, 26]. Also,
during growth of alloys, composition modulations may develop due to a kinetic instability as
described in detail by Ipatova et al. [27]. During the growth of strained layers, modulations in
thickness of the layers may develop due to misfit strain-induced morphological instabilities
[28-30]. For the growth of strained alloy layers, both kinetic [31] and thermodynamic models
[32] indicate that composition modulations can be coupled to the morphological instabilities.
Related to this is the strain-induced formation of arrays of two- and three-dimensional islands,
e.g., quantum dots, which can vertically stack in multilayer structures due to interaction with the
long-range elastic-strain fields of previously buried islands, e.g., [17, 18, 33-37]. Preferential
incorporation of different types of atoms at step edges and step bunching effects can also result
in composition modulations in alloy layers and thickness fluctuations in layers [38—40]. The
origin of the lateral modulations in the SPS samples described here is probably a combination of
several of the above effects. Simple surface phase separation due to the existence of a miscibility
gap for the InAlAs alloy is unlikely because the strong lateral modulations observed in the SPSs
are not observed in the unstrained lattice-matched InAlAs buffer layer, which is grown at the
same temperature and has a similar composition to the average composition of the
(AlAs),,(InAs), SPSs. It would thus seem that the driving force for the occurrence of the lateral
modulations in the SPSs reported here is the high lattice misfit between the individual SPS layers
and the InP substrate. One of the most likely scenarios for the origin of the modulations is
therefore associated with stress-induced surface roughening as outlined below. It is well known
that a surface subject to stress is unstable towards roughening, e.g., rippling, faceting, step
bunching or the formation of arrays of two- and three-dimensional islands, which can lower the
elastic strain energy, e.g., [7, 8, 16-18, 22-24, 28-38, 41-48]. Such surface roughening
occurring during the growth of an SPS leads to thickness variations in the layers that could give
an apparent modulation in composition. Once surface roughening of an alloy layer occurs,
preferential incorporation of different sized atoms can happen on the growth surface at sites of
different strain states to lower the strain energy of the growing layer leading to composition
modulations coupled to the surface roughening [31].

Modulations in component layer thickness, possibly coupled to compositional modulation,
are commonly observed during the growth of strain-balanced SLSs, with lower misfits and
longer periods to the structures examined in this work. For example, Ponchet et al. [7, 8, 41, 49]
reported an antiphase thickness modulation of the component layers in gas-source MBE and
MOVPE strain-balanced GalnAsP/GalnAsP, GalnP/InAsP, and GalnAs /InAsP SLSs (Fig. 1(a)).
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Fig. 9. Schematic diagram showing possible origin of antiphase thickness modulations in
strain-balanced SLSs [7]. Rapid amplification of layer thickness modulation observed.

A rapid amplification of the layer thickness modulation was observed and different surface
roughness was observed for the layers under tension and compression. The origin of this
roughening of the layers is thought to be due to a morphological instability associated with the
compressive and tensile misfit of the SLS layers with respect to the substrate. A schematic
drawing showing how such antiphase thickness modulations can develop in strain-balanced SLSs
is shown in Fig. 9. We assume that the compressive layer is deposited first. Due to a
morphological instability, this layer will want to roughen to lower the strain energy. For
compressively strained layers, this normally takes the form of surface rippling along the
elastically soft <100> directions as observed for SiGe on Si and InGaAs on GaAs [16, 24, 43].
The compressive stress is able to relax at the peaks of the rippling and is concentrated at the
valley bottoms [29]. Now, if we start to grow a layer under tensile strain containing smaller-sized
atoms on this roughened compressive layer, the smaller atoms are likely to be preferentially
incorporated into the regions of the valley bottoms on the compressive layer to minimize the
strain energy. If enough of the tensile material is deposited, it will eventually form a peak at this
position as shown. It is still energetically favorable for the smaller atoms of the tensile layer to be
deposited in this position at the peak. This is because the tensile stress is relaxed at the positions
of the peaks of roughening in the layer under tensile strain [29]. Thus, by this process, an
antiphase thickness modulation of the component layers in the SLS will start to develop. If we
now start growing another compressive layer containing larger atoms on top of this structure, the
larger-sized atoms are likely to be preferentially incorporated in the valleys of the tensile layer
where the tensile stress is concentrated to lower the strain energy. If enough of this compressive
material is deposited, it will form a peak in the roughening at this position as shown. The larger
atoms will continue to be preferentially incorporated at these positions because the compressive
stress is relaxed at peaks in roughened, compressively strained layers [29]. Thus, this process can
rapidly lead to antiphase thickness modulations in strain-balanced SLSs (Fig. 1(a)) as suggested
by Ponchet et al. [7]. Such antiphase thickness modulations result in apparent lateral composition
modulations in the SLS samples (Fig. 1(a)). If the layers in the SLS are alloys, then genuine
lateral composition modulations coupled to the surface roughening can also develop by
preferential incorporation of the different sized atoms at the surface regions of different elastic-
strain states [31], (Fig. 1(c)).

Is there any evidence that such a surface roughening mechanism is operating in the
(AlAs),(InAs), SPSs investigated in this work? We have so far not directly observed antiphase
thickness fluctuations in these samples by cross-sectional TEM, but this may be a result of the
component layers of the SPS only being = 2MLs thick and the imaging conditions used.
However, the AFM results directly reveal the presence of surface roughening coupled to the
lateral modulations. The lattice misfits of AlAs and InAs to InP are -3.5% and +3.2%,
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respectively. For a morphological instability of a coherently strained layer exhibiting lattice-
misfit with respect to the substrate, the critical wavelength of surface roughening above which
roughening is stable is given by the following expression [28]:

A. = 2nEy/e* = K/¢’ (1)

where 7 is the surface free energy, € is the lattice misfit, and E is Young's modulus of the layer. If
for III-V alloys we assume that these quantities remain constant, then the expression can be
simplified, as above, to A, = K/e?, where K is a constant. We can then take values of A, reported
for different values of lattice misfit € for individual SLS layers in strain-balanced SLSs in the
literature and calculate the value of the constant K. We then use the above expression to predict
the wavelength A, expected for the (AlAs),(InAs), SPSs, assuming an average misfit € of
+3.35% for the individual SPS layers with respect to the InP substrate. The results are shown in
Table I. It can be seen that the predicted wavelengths all lie between 25 and 30 nm, which is
remarkably close to the experimentally observed wavelengths, between 20 and 35 nm, thus
supporting the idea of a stress-induced roughening mechanism. Obviously, due to the component
layers of the SPSs investigated here, being only about 2 MLs thick, such a roughening would
probably have to start out as an array of two-dimensional monolayer high islands or trenches [18,
36, 44-48]. This two-dimensional roughening would then vertically stack in successive periods
of the SPS, with some amplification in the roughening occurring, due to the elastic-strain field of
the already deposited material influencing the incorporation of the arriving atoms at the growing
layer surface [7, 17, 18, 27, 33-37]. Thus, vertical columns of In-rich and Al-rich material would
form as experimentally observed in the SPS samples.

Table I. Predicted wavelength of lateral modulations in (AlAs),,(InAs), SPSs from previous data
using equation 1, assuming an average misfit of £3.35% between individual SPS layers and InP
substrates.

Author Material Misfit | A K Predicted A (nm)
(nm) fore = £3.35%

Ponchet et al. [49] GalnP/InAsP on InP +1% 280 |0.028 |25

Desjardins et al. [50] | GalnP/InAsP on InP +0.75% | 550 |0.031 |28

Giannini et al. [51] GalnAs/GaAsP on GaAs | £1% 330 |0.033 |29

The different directions observed for the lateral modulations in samples with high and low
InAs mole fraction, x, might also be evidence for a surface roughening mechanism. For samples
with x > 0.5, the InAs-rich layers under compression are thicker than the AlAs-rich layers under
tension, whilst the opposite is true for the samples with x < 0.5. Strained layers under
compression, e.g., SiGe on Si and InGaAs on GaAs [16, 24, 43], have been observed to roughen
by rippling along the elastically soft <100> directions to lower the strain energy. Assuming a
vertical stacking of antiphase thickness modulations occurs in the (AlAs),(InAs), SPS samples,
as shown in Figs. 9 and 10, then for the samples with x > 0.5, roughening associated with the
thicker compressively strained InAs-rich layers will tend to dominate. This is most likely a
rippling or an array of two-dimensional islands aligned along the <100> directions. This would
result in the <100> lateral modulations observed in these samples as shown in Figs. 4 and 5, and
schematically in Fig. 10. Layers under tensile strain have been observed to exhibit different
forms of surface roughening, e.g., faceting on {114} A planes along the [110] direction in
InGaAs on InP [41, 42]. Scanning tunneling microscopy performed by Robach et al. [22]
revealed a difference in roughening during the early stages of growth on InP of InAs (€ =-3.1%)
under compression and GaAs (¢ = 3.7%) under tension. The GaAs grown under tension was
observed to form anisotropic platelets, mainly 1 ML high, 8-12 nm wide along [110] and
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Further growth resulted in the
anisotropic structures extending

and coalescing along [110],
forming interconnected three-

dimensional island chains
W separated by three-dimensional

holes and trenches, very narrow in
the [110] direction and elongated

along [110]. The formation of
such three-dimensional holes or

trenches elongated along [110]
during the growth of layers under
tension seems to be a more general
. In-rich, compression | Al-rich, tension phenomenon for III-V alloys. It has
also been observed for the growth
of tensile InGaAs layers on (001)
InP [52] and tensile GaAs on (001)

AllnAs buffer AllnAs buffer

Fig. 10. Diagram showing how a combination of
antiphase thickness modulation and different preferred . )
directions of roughness for compressive and tensile InAs [33]. It is possible, therefore,

layers can lead to modulations along different directions Eltlllitinag Stil?el;ﬂ;o;(/)&gl(l)?niﬁg ?ecncslﬁz
in SPSs with x > 0.5 and x < 0.5. AlAs layers in the (AlAs) (InAs),

SPSs samples investigated here,

but with the trenches or grooves
being aligned along the <310> directions. In the (AlAs),(InAs), SPS samples with x < 0.5,
roughening associated with the thicker AlAs-rich layers under tension would tend to dominate,
which in this case seems to be a trenching or grooving along <310> directions, resulting in the
lateral modulations along <310> directions in these samples as shown in Figs. 3 and 5, and
schematically in Fig. 10. When x = 0.5 and the global strain = 0, the InAs and AlAs layers are
very close in thickness and so it would be expected that neither of the patterns of roughness
associated with the layers under compression and tension would dominate. This is observed in
Fig. 6 for a sample (EA0147), where XRD measurements indicate x = 0.518, corresponding to a
global strain of +0.016% tension with respect to the InP substrate. For this sample, strong
composition modulations are present, but with a much less well-defined directionality than in
samples with x further away from 0.5, e.g., Figs. 3 and 4.

The <100> modulation direction in the high InAs mole fraction samples is not unexpected
because it is normally the elastically soft direction for these materials. Lateral modulations in
phase-separated alloys, surface rippling in compressively strained layers, and lateral ordering of
vertically stacked quantum dots are observed along the <100> directions e.g., [16-18, 24, 26,
34-37, 43]. The <310> directions of the lateral modulations in the low InAs mole fraction
samples is very unusual and would not be expected for a bulk effect, unless high values of tensile
stress changed the elastically soft direction of these materials to along <310>. However, <310>
directionality is observed at the (001) surface of semiconductors. For example, it has been
reported that InAs quantum dots grown on GaAs substrates and lattice-matched InGaAs buffer
layers on InP substrates may have a pyramidal shape bounded by {136} facets [54-56], which

intersect the (001) surface along the [3 10] and [130] directions perpendicular to the modulation
directions in the low InAs mole fraction (AlAs), (InAs), SPS samples. Step bunches have also
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been observed to spontaneously form along <310> and <210> directions of the (001) surface of
GaAs during annealing, suggesting low energy facets form along these directions [57]. During
the initial stages of Si and Ge growth by MBE on (001) Si and Ge, rows of dimers have been
observed by STM to form along <310> directions [58-60]. These examples all suggest that the
<310> direction of modulations is a result of a surface roughening mechanism such as faceting,
step bunching, or a preferred shape of two- or three-dimensional islands, or trenches occurring
probably on the AlAs layer surfaces that are under tension. For example, if InAs quantum dots
bounded by {136} facets with <310> edges [54-56] form in the first InAs layer of the SPS, these
may encourage formation of <310> lateral modulations during subsequent growth of the low
InAs mole fraction SPSs.

The finding that the lateral modulation strength decreases with reducing the SPS period
below 4ML [11] also supports that a stress-induced surface roughening process may be causing
the modulations. This is because any effects of roughening will be reduced for thinner layers.
The suppression of lateral modulations at both very high and low InAs mole fractions, behavior
reminiscent of a miscibility gap in alloys, is not, however, easy to explain by the surface
roughening mechanism proposed above. If antiphase thickness modulation of the component
layers of the SPS occurs as shown in Figs. 1(a), 9, and 10, then it may be expected that the
maximum amplitude of apparent composition modulations should occur when the thickness of
the component layers is equal, i.e., x = 0.5. For x > 0.5 or x < 0.5, one of the component layers
becomes thinner than the other and this may lead to a reduction in the amplitude of the apparent
composition modulations. At high values of global strain of the SPS with respect to the substrate,
corresponding to high and low values of x, stress-induced surface roughening or smoothing
associated with the high global strain may play an important role. A RMS surface roughening of
=~ 1-2 nm was measured by AFM for samples with 0.45 < x < 0.6 that contained strong lateral
modulations. For a sample with x = 0.63 (-0.707% global compression) that contained no
modulations as judged from XRD, the SPS surface became very rough, with a RMS roughening
of 6 nm. Conversely, for a sample with x = 0.422 (0.673% global tension) that contained no
modulations, the SPS surface became very flat, with a RMS roughness of = 0.4 nm. The
observed surface roughening behavior at high global strains is similar to that reported previously
for SiGe layers grown under compression and tension [16] and discussed previously in this
manuscript. The roughening or smoothing associated with high values of the global strain of the
SPS at high and low x may dominate or inhibit the thickness modulations of the component
layers of the SPS, and hence, suppress the formation of regular lateral modulations.
Alternatively, the suppression of modulations at high and low x may reflect the existence of a
genuine miscibility gap in the SPS alloy system.

Engineering of Unidirectional Lateral Superlattices or Quantum Wires by Control of InAs
Mole Fraction and Substrate Offcut

The (AlAs),(InAs), SPS samples grown on exactly (001) orientation substrates contain
lateral modulations simultaneously present along two directions in the (001) growth plane [15].
These are the orthogonal <100> directions at +45° from [110] for high x samples and <310>
directions at + 27° from [110] for low x samples. These modulations along the two different
directions in (001) orientation samples can superpose to form a dense two-dimensional array of
In-rich and Al-rich [001]-oriented vertical columns [15], which may be of interest for some
device applications [6]. However, for other potential device structures lateral modulations are
required such that they form lateral superlattices or arrays of quantum wires along a single
crystallographic direction in the growth plane. AFM studies of SPS samples grown on (001)
substrates revealed a single modulation direction may be preferentially selected at the edges of
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Fig. 11. AFM image of SPS with x = 0. 442.
Showing preferential selection of [130] and
[310] modulation directions at opposite sides
of surface pit.

surface pits, as shown in Fig. 11. This
observation motivated a study of both high
and low InAs mole fraction (AlAs),(InAs),
SPS samples on (001) substrates offcut 2°
towards (111)A, (111)B and (100), the most
commonly available offcuts, to investigate if a
single modulation direction could be
controllably obtained. There are several
reasons why growth on offcut substrates could
select out a single modulation direction.
Firstly, the offcut will impose step flow
growth to occur along the offcut direction,
which could distinguish between the
development of the lateral modulations along
the different directions if the offcut direction
makes different angles to the modulation
directions. Secondly, the offcut will introduce
an extra anisotropy in surface diffusion due to
the presence of step-edge diffusion barriers
that may select between the two modulation

directions. The offcut will also introduce an anisotropy in the surface step density that may select
between the modulation directions if bunching of surface steps plays an important role in surface
roughening and modulation formation. Also, the offcut will influence the initial nucleation of
InAs islands in the first SPS layer grown, e.g., preferential nucleation of islands at the step edges,
which may influence the modulation development. All of these effects will be enhanced when
the two directions of modulation lie at different angles to the offcut direction and the step edges.
The maximum effect may, therefore, be expected for high InAs mole fraction SPSs grown on

/

7 7 TE20DF

Fig. 12. (a) 200 DF TEM plan-view image of SPS with x = 0.583 grown on (001) InP
substrate offcut 2° towards [100] showing compositional modulation along only the [100]
direction. (b) AFM image of growth surface of the same SPS sample showing the presence of

"wires" up to 1 um long.
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(001) substrates offcut towards (100) because one modulation direction lies close to parallel to
the offcut direction while the other lies close to perpendicular to the offcut direction. This
selection behavior is observed to occur in such a sample as shown in Fig. 12, where a
unidirectional modulation is present parallel to the [100] offcut direction forming wires = 14-16
nm wide, and up to 1 um long, running parallel to the step edges on the offcut surface. The
modulation wavelength, = 28-33 nm, is similar to that observed for growth on exactly (001)
substrates and is over three times longer than the terrace width of 8.4 nm expected for a 2° offcut
substrate (if no step bunching occurs) suggesting it is not controlled by the offcut angle.
Preferential selection of a single <310> modulation direction can also be obtained for low InAs
mole fraction SPSs grown on (001) substrates offcut towards (100), see Follstaedt et al. [11] this
proceedings.

CONCLUSIONS

Strong lateral composition modulations are formed during the MBE growth of
(AlAs),,(InAs), SPSs at temperatures between = 540° and 560°C. The strongest modulations are
observed for samples with InAs mole fraction x = 0.5, and when n and m = 2 MLs. The
modulations are suppressed for both very low and high InAs mole fractions. At InAs mole
fractions > 0.52 (global compression), the modulations lie along close to the elastically soft
<100> directions, while at InAs mole fractions < 0.52 (global tension), the modulations lie along
<310> directions at + 27° to [110]. The modulations may be a result of surface roughening as a
consequence of morphological instabilities associated with the high lattice misfit between the
individual SPS layers and the InP substrate. We have demonstrated that by controlling the InAs
mole fraction, and choosing the correct substrate offcut, a single modulation direction can be
obtained, which is very promising for some future device applications.
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